Abstract. In the first paper of this series (paper I) we presented a new approach for studying the chemodynamical evolution in disk galaxies, focusing on the Milky Way. While in paper I we studied extensively the Solar vicinity, here we extend these results to different distances from the Galactic center, looking for variations of observables that can be related to on-going and future spectroscopic surveys. We show that contamination by radial migration becomes more evident with increasing distance from the galactic center, because of the wider distribution of stellar birth radii for a given radial bin at redshift zero. As a result, the scatter in the age-metallicity relation increases significantly as a function of galactic radius. We predict that the metallicity distributions of (unbiased) samples at different distances from the galactic center peak at approximately the same value, [Fe/H] ≈ −0.15 dex, and have similar metal-poor tails extending to [Fe/H] ≈ −1.3 dex. In contrast, the metal-rich tail decreases with increasing radius, thus giving rise to the expected decline of mean metallicity with radius. Similarly, the [Mg/Fe] distribution always peaks at ≈ 0.15 dex, but its low-end tail is lost as radius increases, while the high-end tails off at [Mg/Fe] ≈ 0.45 dex. This metal-rich, [α/Fe]-poor tail results from stars migrating outwards, which are always close to the disk plane. The reason for this is that migrators stay with cool kinematics (both in the radial and vertical directions), i.e., do not contribute to thick disk formation. We demonstrate that during mergers stars migrating outwards arrive significantly colder than the in-situ population, as first suggested in paper I. This also has the important effect of working against disk flaring. The radial metallicity and [Mg/Fe] gradients in our model show significant variations with height above the plane due to changes in the mixture of stellar ages. An inversion in the radial metallicity gradient is found from negative to weakly positive (at r < 10 kpc), and from positive to negative for the [Mg/Fe] gradient, with increasing distance from the disk plane. We relate this to (i) the predominance of young stars close to the disk plane and old stars away from it and (ii) the more concentrated older stellar component. We also investigate the effect of recycled gas flows on the mean [Fe/H] and find that in the region 4 < r < 12 kpc the introduced errors are less than 0.05-0.1 dex, related to the fact that inward and outward flows mostly cancel in that radial range. We show that radial migration cannot compete with the inside-out formation of the disk, exposed by the more centrally concentrated older disk populations, and consistent with recent observations.
Introduction
Galactic archeology aims at understanding the formation and evolution of the Milky Way (MW), where the chemical and kinematical information contained in its stellar component is used as fossil records (Freeman and Bland-Hawthorn, 2002; Matteucci, 2012) . Unprecedented amounts of data from a number of ongoing and planned astrometric and spectroscopic Galactic surveys (RAVE -Steinmetz 2012; SEGUE -Yanny and Rockosi 2009; HERMES -Freeman et al. 2010 ; APOGEE -Allende Prieto et al. 2008 ) will be available soon, especially from Gaia (Perryman et al., 2001 ) and 4MOST (de Jong et al., 2012) , who together will provide high accuracy 6D kinematics and chemistry for more than 10 7 disk stars. It has been recently recognized that chemical evolution galactic disk modeling must be combined with dynamics. The main reason for this is that numerical simulation have shown that stars do not remain near their birth places, but migrate throughout the disk during their lifetimes. This redistribution of angular momentum has been shown to be caused by the effect of non-axisymmetric disk features, such as spiral structure (Sellwood and Binney, 2002; Roškar et al., 2008) and the central bar (Minchev and Famaey, 2010; Minchev et al., 2011; Brunetti et al., 2011; Di Matteo et al., 2013) . This has resulted in efforts to understand how traditional, static, chemical evolution disk modeling couples with dynamics, as discussed in detail in the introduction in the first paper of this series, Minchev et al. (2013) (hereafter paper I). We also refer the reader to the comprehensive recent reviews by Rix and Bovy (2013) , Binney (2013) , and Sellwood (2013).
The chemodynamical model of paper I
The chemodynamical model we use in this work was presented in paper I, where we mostly concentrated on an annulus of 2 kpc, centered on the "solar radius". The main features that make this model unique is the fusion between a state-of-theart simulation in the cosmological context (Martig et al., 2009 (Martig et al., , 2012 ) and a detailed thin-disk chemical evolution model.
The exact star formation history and chemical enrichment from our chemical model is implemented into the simulation with more than 30 elements assigned to each particle. This novel approach has made it possible to avoid current problems with chemical enrichment and star formation rates currently found in fully self-consistent simulations, as described in paper I.
The simulation builds up a galactic disk self-consistently by gas inflow from filaments and mergers and naturally takes into account radial migration processes due to early merger activity and internal disk evolution at low redshift. A central bar is developed early on, similar in size at the final simulation time to that of the MW. Snapshots of the disk face-on and edgeon stellar surface density can be seen in Fig. 1 of paper I. An important ingredient, which ensures we capture disk dynamics similar to the MW, is that prior to inserting the chemical evolution model, we rescale the simulation to place the "solar radius" (8 kpc) just outside the 2:1 outer Lindblad resonance (OLR) of the bar, as is believed to be the case for the MW (e.g., Dehnen 2000; Minchev et al. 2007 Minchev et al. , 2010 . Consideration of the bar when studying the MW disk is important, since the bar is expected to dominate the disk within 2-3 scale-lengths through its corotation resonance (CR) and OLR, may drive spiral structure of different multiplicity (e.g., Masset and Tagger 1997; Quillen et al. 2011; Minchev et al. 2012b) , and be responsible for coupling between the vertical and radial motions at preferred locations both in the inner (Combes et al., 1990; Quillen et al., 2014) and the outer disk ).
Need for chemo-kinematics information of the entire disk
While a range of models may be able to match the chemokinematics of stars in the solar neighborhood, discrimination between different evolution scenarios can be made by requiring that models are compliant with data covering extended portions of the disk. By integrating the orbits of RAVE giants, Boeche et al. (2013b) were able to cover extended disk radii by considering the guiding radii, instead of the current stellar positions. SEGUE G-dwarf data has also been used to cover disk regions between 6-12 kpc (Cheng et al., 2012; Bovy et al., 2012b) . Large potions of the Galactic disk close to the plane are now observed with APOGEE (Anders et al., 2013; Hayden et al., 2013) . Variations of chemical gradients are expected for different age populations, as well as for different vertical slices of the disk. A realistic MW chemo-dynamical model must be able to explain not only the local properties of stars but also these variations with Galactic radius and distance from the disk midplane. The goal of this work is to extend the results of paper I Fig. 1 . Birth radii versus final radii (at z = 0) for stars in different age bins as indicated in each panel. This is from our selected sample. The dotted red and solid blue vertical lines indicate the positions of the bar's CR and OLR. The dashed black line shows the locus of non-migrating circular orbits. The effect of the bar is seen in the overdensity inside the CR, indicating stars shifted preferentially from their radius outward in the disk. This becomes more evident for younger stars due to their cold orbits, as well as the increasing bar strength with time.
to regions beyond the solar vicinity, by using the same model, and provide understanding for the causes of the expected variations.
Effects of radial migration in our simulation
In paper I (Fig. 1, bottom panel) we showed the changes in angular momentum at different stages of the disk evolution. This revealed that the strength and radial dependence of migration is governed by merger activity at high redshift and internal perturbations from the bar and spirals at later times.
Another way of looking at the mixing induced throughout the galaxy lifetime is presented in Fig. 1 , where density contours of stellar final radii, r f inal , are plotted against birth radii, r 0 , at the end of the simulation. The contour level separation is given on top of the left row. The inner 1-kpc disk is not shown, in order to display properly the contours. The disk is The vertical velocity dispersion profiles of inward migrators, outward migrators and the nonmigrating population, as indicated, are shown in the second panel. The net effect of migrators can be seen in the third panel. The bottom panel shows the fractional change in velocity dispersion resulting from migration ∆σ z = (σ z,all − σ z,non mig )/σ z,all . Migrators cool the outer disk, thus working against disk flaring. Right column: Same as on the left, but for stars born after the last massive merger event. Minimal effect from migration is seen on the disk vertical velocity dispersion. divided into six age groups, as specified on top of each panel. The dotted red and solid blue vertical lines indicate the positions of the bar's CR and OLR at the end of the simulation. The dashed black line shows the locus of non-migrating circular orbits. Deviations from this line are caused not only from stars migrating from their birth places, but also from stars on eccentric orbits away from their guiding radii. The latter effect becomes more important with increasing age, especially for stars with age > 8 Gyr, e.g., those formed before the last massive merger event in our simulation.
The increasing width around the black-dashed line with stellar age for age < 8 Gyr is indicative mostly of migration, related to the longer exposure to migrating mechanisms resulting in more migration. A decrease in disk scale-length is apparent with increasing age, ending up with a very concentrated disk for age >10 Gyr. Scale-lengths for different ages, [Mg/Fe] , and metallicity groups, as well as, different heights above the disk plane, are estimated in Fig. 10 . The effect of the bar is seen in the overdensity inside the CR (dotted red vertical), indicating stars shifted preferentially from their birth radii outward in the disk.
Migration cools the disk during mergers
We showed in paper I that stars born in the inner disk arrive at the simulated solar vicinity with lower velocity dispersion than the in-situ born population. This is in drastic contrast to the expected effect of outward migrators in quiescent disk evolution, where stars arriving from the inner disk are slightly warmer than the non-migrating population . Below we investigate this in grater detail studying the entire disk.
First we consider the sample of all stars born right before the last massive merger encounters the disk, at t = 1.4 Gyr. To see how much angular momentum redistribution is taking place during this merger event, in the top panel of Fig. 2 we plot number density contours of the changes in the specific angular momentum, ∆L, versus the initial specific angular momentum, L, estimated in the time period 1.4 < t < 3.4 Gyr. Both axes are divided by the rotational velocity at each radius, therefore L is approximately equal to the initial radius and ∆L gives the distance by which guiding radii change. The percentage of stars in each contour level is given by the color bar on the right.
The rectangular shape of the density distribution in the L − ∆L plane is indicative of a large scale migration, unlike in the case of internally driven migration (see top-right panel, for example). This is caused both by the tidal effect of the satellite, which plunges through the galactic center, and the strong spiral structure induced in the gaseous component. We note that the disk dynamics is dominated by the very massive gas disk at this early stage of disk evolution.
We separate migrating from non-migrating stars (in a given period of time) by applying the technique described by Minchev et al. (2012a) . In the second top-to-bottom left panel of Fig. 2 we plot the vertical velocity dispersion profiles of inward migrators, outward migrators and the non-migrating population, as indicated. It is interesting to see that inward and outward migrators during the merger have reversed roles, where stars migrating inwards have positive contribution to σ z and those migrating outward cool the disk. This is the opposite of what is expected for migration in the absence of external perturbations (as described in the Introduction and shown in paper I). The recent work by Minchev et al. (2014) showed that the fact that cool, old, [α/Fe]-enhanced, metal-poor stars can arrive from the inner disk can provide a way to quantify the MW merger history, where the idea was applied to a highquality selection of RAVE giants (Boeche et al., 2013a ) and the SEGUE G-dwarf sample (Lee et al., 2011) . Indeed, the effect of satellites perturbing the MW disk has been linked to a number of observations of structure in the phase-space of local stars (e.g., Minchev et al. 2009; Gómez et al. 2012b Gómez et al. ,a, 2013 Widrow et al. 2012; Ramya et al. 2012) .
The net effect of migrators can be seen in the third topto-bottom left panel of Fig. 2 . The overall contribution to the vertical velocity dispersion from the migrating stars during the Table 1 ). Table 1 . Quantifying the migration in each one of the annuli shown in Fig. 3 . f in and f out are the fractions of stars born inward of the final radial bin, respectively, compared to the total number of stars in the bin. The fourth and fifth columns give the location of the peak of the total r 0 distributions and the standard deviations, respectively. A factor of two increase in the width is found between the innermost and outermost final annuli.
merger is negative, in the sense that it is lower than that of the stars which did not migrate. Finally, to quantify the changes to the disk vertical velocity dispersion resulting from migration in the given period of time, we plot the fractional changes in the bottom left panel of Fig. 2 . We estimate these as
where σ z,all and σ z,non mig are the vertical velocity dispersions for the total population and the non-migrators, respectively. Decrease in σ z of up to 30% can be seen. We have found here that during a massive merger sinking deep into the disk center, migrators cool the outer disk, thus working against disk flaring. This is related to the stronger effect of mergers on the outer disk, owing to the exponential decrease in the disk surface density. Stars arriving from the inner parts during a merger, would therefore be cooler than the rest of the population.
We now contrast the above results with a sample born after the last massive merger even. The right column of Fig. 2 is the same as the left one, but for stars born after t = 2.5 Gyr (or 8.7 Gyr ago). Minimal effect from migration is seen on the disk vertical velocity dispersion during the last 2 Gyr of (mostly quiescent) evolution, despite the strong migration efficiency seen in the top right panel.
In accordance with the above results, small (and mostly negative) contribution of radial migration on the age-velocity relation was found by Martig et al. (2014b, submitted) .
Contamination from migration at different distances from the Galactic center
In Fig The fraction of migrators arriving from the inner and outer disk at each final radial bin are given in Table 1 . A strong increase/decrease of stars coming from the inner/outer disk is found with increasing the distance from the Galactic center. The width of the total r 0 -distribution, estimated by fitting a Gaussian, increases by about a factor of two between the innermost and outermost annuli considered. The predicted increase in contamination from migration with radius is due to the exponential drop in disk surface density, where, on the average, stars migrate larger distances outwards than inwards. Note that inward migration is still very important both for the kinematics and chemistry, in that stars arriving from the outer disk balance the effect of stars coming from the inner disk at intermediate radii. For example it was shown by Minchev et al. (2012a) that, in isolated disks, the heating from outward migrators is almost completely cancelled by inward migrators with low velocity In addition to the total sample at each radial bin, the color-coded curves indicate groups born at different galactic radii. In each panel, the thick curve shows the stars born in that given radial bin. dispersion in the region 1-4 disk scale-lengths. We showed in paper I (and now more generally in Fig. 4 below) that in a similar fashion, the gradient in the local age-metallicity relation is preserved except at the disk boundaries, while the migration efficiency can be related to the scatter around the mean.
As the annulus distance from the galactic center increases, the peaks of older age-groups are displaced farther from the final radial bin (see Table 1 ). This is related to the fact that (i) older populations are exposed longer to any perturbations giving rise to radial migration, as well as (ii) the increase in velocity dispersion with age (and thus eccentricity). Thus, many of the old stars have guiding radii outside the final radial bin, but appear there due to their eccentric orbits.
As may be expected at this point, this difference in contamination from radial mixing at different galactic radii should have strong effect on the disk chemodynamics. We anticipate these effects to be now testable with the large body of data coming from current galactic spectroscopic surveys. We show the implication of this in the following sections. 3 < r < 5 kpc 5 < r < 7 7 < r < 9 9 < r < 11 11 < r < 13 |z|<3 kpc 
Radial variations of chemodynamical relations

Age-Metallicity Relation at different radii
The first row of Fig. 4 plots age-[Fe/H] stellar density contours for the same disk annuli as in Fig. 3 . Contour levels are indicated in the color-bar attached to the rightmost panel. The middle row (7 < r < 9 kpc) corresponds to the solar neighborhood and is identical to the equivalent plot shown in Fig While a scatter in the AMR is seen at all radii, the mean (pink-dashed) is very close to the local evolution curve in the inner three bins. Only outside the solar radius do we find significant deviation, with the strongest flattening in the AMR at the outermost bin (11 < r < 13 kpc). This results from the accumulation of outward migrators in the outer disk, as seen in Fig. 3 . Conversely, at radii close to and smaller than the solar radius the contribution from metal-rich stars arriving from the inner disk is mostly balanced by metal-poor stars arriving from the outer disk. This is analogous to the contribution to the velocity dispersion from inward and outward migrators discussed by Minchev et al. (2012a) , where the overall effect on the disk heating (and thus thickening) was found to be minimal at radii less than about four disk scale-lengths. Similar effect results for the gas (as discussed in Sec. 4.4, see Fig. 11 ), rendering recycled gas flows unimportant in the range 4 < r < 12 kpc.
Another important property of the AMR predicted by our model, is that the maximum metallicity achieved in each bin decreases from [Fe/H]∼0.5-0.6 to about ∼0.2, as one moves from the innermost towards the outermost radial bins. The exact amount of metal rich stars predicted by our model is sensitive to the initial chemical model assigned to the inner regions of the disk. As discussed in paper I, we extrapolated our thin-disk chemical evolution model to the Galactic center in the innermost 2 kpc, not assigning a specific bulge chemistry to particles born in that region. This is here justified by the fact that we first want to study the effect of migration in a pure disk. The impact of considering bulge chemistry will be studied in a forthcoming paper. We anticipate that this would mostly affect the predicted fraction of super metal rich stars in the radial bins internal to the solar vicinity.
The fraction of stars with metallicities above ∼0.2-0.3 dex can be used as a powerful constraint of our models. Observationally, it is still difficult to quantify this fraction not only due to observational biases induced by color-selected spectroscopic samples, but also because of difficulties of current abundance pipelines to account for metallicities above solar. This situation will certainly improve in the future as spectral libraries and stellar isochrones get extended beyond solar. An overall contraction in [Mg/Fe] is found with increasing galactocentric distance, mostly due to the absence of supermetal rich stars in the outer bins (see discussion related to the AMR above). Indeed, the effect on [Fe/H] is mostly the loss of the high-metallicity tail for samples at larger radii (see below and Fig. 6 ).
[Fe/H]-[Mg/Fe] relation at different radii
In the model, most of the super metal rich stars originating in the innermost disk regions (see gold contours) are predicted to have sub-solar [Mg/Fe] ratios. The exact amount of this effect (i.e., the absolute values of [Mg/Fe] 
is strongly dependent on the adopted stellar yields of Mg, Fe and the SNIa rates (here we adopt the same stellar yields as in François et al. 2004 ). How stellar yields behave at over-solar metallicity regimes is still very uncertain. Improvements on stellar evolution models at very high-metallicities are on the way by several groups, and will be soon implemented in our models as well. Despite of this uncertainty, the relative behavior between different panels is a robust prediction, unless the stellar yields turn out to be strongly dependent on metallicity, which is most probably not the case neither for Fe nor Mg.
We now focus on the contour levels containing more than ∼ 50% of the stars (black, blue and magenta colors). A smooth shift is found toward lower [Mg/Fe] (accompanied by the progressive loss of the largest [Mg/Fe]), as one moves from inner to outer bins (with a slight increase in the scatter as well). No Fig. 6, left) , while various colors correspond to different age groups as indicated in the bottom left panel. It is remarkable that despite the strong decrease in the fraction of old stars (red and orange lines), the metal-poor tail remains practically identical for samples at different radii (as seen in Fig. 6, left) . While in the central regions it is dominated by the oldest stars, in the outer disk it is a mixture of all ages. Bottom: Same as above but for [Mg/Fe] . Here the decrease in the fraction of old stars gives a significant effect in the α-rich wing of the distribution (see Fig. 6 , right).
[Mg/Fe] bimodality is found for any distance from the galactic center. We showed in paper I that the distribution at the solar radius can become bimodal when selection criteria used in high-resolution surveys (e.g., Bensby et al. 2003) were applied (see paper I, Fig. 12 ). We look into the [Mg/Fe] transition from the inner disk to the outer regions in more detail in Fig. 7. 
[Fe/H] and [Mg/Fe] distributions at different radii
The third row of Fig. 4 shows the metallicity distributions at different distances from the Galactic center. In each panel the solid-black histogram shows the total sample, while various colors correspond to groups of common birth radii, as indicated in the left panel. The thick curve in each panel shows the stars born in that given radial bin, e.g, green for the solar vicinity.
Focussing on the contribution from different birth radii we see that for all final radial bins the metal-rich tail of the distribution results from stars originating in the inner disk (compare the local metal-rich tail to that of the total distribution). Note that the largest contribution in the range 7 < r < 11 kpc (the solar bin and the neighboring two bins) to the metal-rich tail comes from the bar CR region (blue curve). Therefore, the existence of a metal-rich tail throughout most of the disk can be linked to the effect of the MW bar. This was already noted in paper I for the solar vicinity.
For better comparison of the [Fe/H] distributions at different distances from the Galactic center (solid black histogram in the bottom row of Fig. 4) , in the left panel of Fig. 6 we show these overlaid and color-coded, as indicated in the right panel.
We find that the peak of the total distribution for each radial bin is always centered on [Fe/H]≈ −0.15 ± 0.06 dex and the metalpoor wings are nearly identical, extending to [Fe/H]≈ −1.3 dex. In contrast, the metal-rich tail of the distribution decreases with increasing radius, giving rise to the expected decrease in mean metallicity with radius. This is caused by the decreasing number of metal-rich stars originating from the inner disk, for radial bins at large radii.
The right panel of Fig. 6 Fig. 7 we decompose them into six different age groups, as indicated in the bottom left panel. It is remarkable that despite the strong decrease in the fraction of old stars (red and orange lines) with increasing radius, the metal-poor tail remains practically identical for samples at different radii (as seen in Fig. 6, left) . While in the central regions it is dominated by the oldest stars, in the outer disk it is a mixture of all ages.
In the bottom row of Fig. 7 we see that the decrease in the fraction of old stars with increasing radius gives a significant effect in the α-rich wing of the distribution (see Fig. 6, right) . On the other hand, the α-poor tail becomes more prominent towards the inner galactic bins due to the contribution of the youngest stars (with ages below 3-4 Gyr, born inside the solar circle (see also Fig. 7.) 
Variations with distance from the disk midplane
In the previous sections we showed general chemodynamical properties of our Galactic disk model by analyzing all particles confined to 3 kpc vertical distance from the plane (where most of the disk particles lie and current surveys cover). In this section we consider different cuts in the vertical direction.
[Fe/H] and [Mg/Fe] distributions at different heights
We showed in Fig. 6 Similarly to the left panel of Fig. 6 , in the left column of Fig. 8 we show normalized metallicity distributions for different distances from the Galactic center, but for stars with |z| < 0.5 kpc (top) and 0.5 < |z| < 3 kpc (bottom). We find that variations in the high-[Fe/H] tail seen in Fig. 6 come mostly from stars close to the disk midplane. The right column of Fig. 8 is the same as the left but for [Mg/Fe] . Similarly to [Fe/H], strong variations with radius are seen mostly for stars close to the disk midplane. The reason for this is that migrating stars stay with cool kinematics (both in the radial and vertical directions), i.e., do not contribute to thick disk formation more than the in situ born population. In fact, as discussed in Sec. 2.1, during mergers, populations arriving from the inner disk are cooler then coeval stars born in the outer disk. 
Chemical gradients at different heights above the plane
Various studies have found different metallicity and [α/Fe] gradients in the MW, as discussed in the Introduction. The negative radial metallicity gradient seen in the total population (leftmost upper panel) is strongly flattened with increasing |z|, and even reversed at r < 10 kpc for the range
Fig. 8. Left column:
Overlaid normalized metallicity distributions for different distances from the Galactic center for stars with |z| < 0.5 kpc (top) and 0.5 < |z| < 3 kpc (bottom). This shows that variations in the metal-rich end seen in Fig. 6 come mostly from stars close to the disk midplane. Right column: As on the left but for [Mg/Fe] . Similarly to [Fe/H], strong variations with radius are seen mostly for stars close to the disk midplane. The reason for this is that migrating stars stay with cool kinematics (both in the radial and vertical directions), i.e., do not contribute to thick disk formation. 0.5 < |z| < 1.0 kpc. By examining the variation in density of different age subsamples, we see that the change in slope with increasing |z| is caused by the strong decrease of stars with ages < 6 Gyr at |z| > 0.5 kpc for r 12 kpc.
Focusing on [Mg/Fe] we find that the weak positive gradient for the total population (leftmost bottom panel in Fig. 9 ) turns negative as distance from the disk plane increases, although the gradient of each individual age-bin is positive.
In contrast to the strong variation of chemical gradients with distance from the disk midplane for stars of all ages, the gradients of individual age groups do not vary significantly with distance from the plane (see Table 2 ). Gradients in the total population can vary strongly with |z| because of the interplay between (i) the predominance of young stars close to the disk plane and old stars away from it (as illustrated by the rectangular symbols in Fig. 9 ) and (ii) the more concentrated older stellar component (as seen in Fig. 10 below) .
The above discussion suggests that the results of different Galactic surveys should be compared with care, taking into account the spatial and magnitude coverage of observational samples. Indeed, before large spectroscopic surveys were in place, most of the MW abundance gradients reported in the literature were obtained by using rather young populations, such as Cepheids (e.g., Andrievsky et al. 2002; Pedicelli et al. 2009; Luck and Lambert 2011; Lemasle et al. 2013) , HII regions (e.g., Daflon Fig. 9 . Radial range of 5 < r < 13 kpc was used for fitting. For a given age subsample, only minimal variations are seen with distance from the disk. However, gradients in the total population can vary strongly due to (i) the predominance of young stars close to the disk plane and old stars away from it (as illustrated by the rectangular symbols in Fig. 9 ) and (ii) the more concentrated older stellar component. It should be kept in mind that the variations of [Fe/H] and [Mg/Fe] with radius are rarely well fitted by a single line in both the observations and our model (see Fig. 9 ). Therefore, non-negligible variations in the estimated gradients should be expected with a change in the radial range used for fitting. references therein) and the more numerous young open clusters (e.g., Jacobson et al. 2011; Yong et al. 2012; Frinchaboy et al. 2013) . The advantage of these young population tracers is that they cover a large radial disk extent and are mostly located in the disk midplane, i.e., lie in a very low z-range. It is clear from Fig. 9 that such young tracer will yield steeper metallicity gradients than a mixed population.
The situation changes when using field stars of mixed ages. In addition the the very local GCS, populations of mixed ages were covered in larger regions around the solar neighborhood thanks to RAVE and SEGUE. Using data from the latter two surveys, it became possible to infer abundance gradients of field stars at high distances from the plane (although most of the region near the Galactic plane, i.e., |z| < 0.2-0.4 kpc is not sampled in this case, see Cheng et al. 2012; Boeche et al. 2013b) . Recently, abundance gradients for field stars (all ages covering vertical distances from zero to beyond 3 kpc are being estimated thanks to the SDSS-APOGEE survey (Hayden et al., 2013; Anders et al., 2013 ) -an infrared high-resolution survey that can observe stellar populations very close to the galactic plane, filling the gap left by SEGUE and RAVE. Note that in GCS, RAVE, SEGUE and APOGEE, the age mix is not only a strong function of the distance from the plane and from the galactic center, but also dependent on the selection biases of each sample.
Given the above discussion, we do not show in the present paper a direct comparison of the magnitude of our predicted gradients with observations. The main focus here is to understand what is driving the general shape of the abundance gradients given the different mix of ages of the tracer populations at different heights from the plane. However, we can say that the [Fe/H] gradients predicted for our youngest population bin (< 2 Gyr), in the range 5 < r < 13 kpc (see Table  2 ) are in good agreement with the values reported in the literature for Cepheids (e.g., Lemasle et al. 2013 ) and young open clusters (Frinchaboy et al., 2013) of around −0.06 dex/kpc. For [Mg/Fe] we predict a positive gradient of ∼ 0.03 dex/kpc for stars with age < 2 Gyr, which could be in slight tension with the observations of young populations showing almost flat [Mg/Fe] gradients (e.g., Jacobson et al. 2011) . Our values for "all ages" also compare well with the recent values reported in the literature by Boeche et al. (2013b) and Anders et al. (2013) , based on RAVE and APOGEE data, respectively, both for iron and [α/Fe] gradients. A more detailed comparison with RAVE and APOGEE data is deferred to a future work, where we will take properly into account the spatial and magnitude coverages (along with the expected sample biases).
It should also be kept in mind that the variations of [Fe/H] and [Mg/Fe] with radius are rarely well fitted by a single line in both observations and our model. Therefore, non-negligible variations in the estimated gradients should be expected with a change in the radial range used for fitting.
Disk scale-lengths at different heights above the plane
We now examine the variation of disk scale-length with distance from the disk plane for populations grouped by common ages or chemistry. The first row of Fig. 10 shows stellar surface density as a function of galactic radius for stars with distance from the midplane |z| < 3 kpc. In addition to the total mass (pink symbols), stars grouped by six bins of age (left panel), [Mg/Fe] Fig. 10 are the same as the first one, but for stars with |z| < 0.5 and 0.5 < |z| < 3 kpc, respectively. The color-coded values in the left column, r d , indicate single exponential fits in the range 5 < r < 16.5 kpc, shown by the dotted lines (dashed pink line for the total population).
The total density has r d = 2.43 kpc at |z| < 3 kpc, however, depending on the age, values can range from ∼ 1.7 to ∼ 3.1 kpc. This smooth increase in scale-length with decreasing age is a manifestation of the disk inside-out growth. Note that despite the significant, large-scale migration throughout the disk evolution (see bottom row of Fig. 1 and Fig. 3) , older disks do not increase scale-lengths fast enough to compete with the naturally resulting larger scale-lengths for younger populations, due to the changes in the SFR as a function of radius. Therefore, while migration does flatten surface density profiles (e.g, Foyle et al. 2008; Debattista et al. 2006; Minchev et al. 2012b ), this cannot overtake the effect of inside-out disk growth. Deviations from this rule for some intermediate-age populations have been reported by Martig et al. (2014a, submitted) , possibly related to satellite-disk interactions.
Decrease in scale-length is seen with increasing age for all three distances from the disk plane (Fig. 10, left column) . The youngest population shows the largest scale-length at 0.5 < |z| < 3 kpc (r d = 5.5 kpc) and the smallest at |z| < 0.5 (r d = 2.9 kpc), which indicates that the fraction of young stars at larger radii increased with distances from the disk plane. This suggests that coeval younger populations should flare, e.g., increase their scale-height with radius. Indeed, this was shown by Martig et al. (2014a, submitted) for the same simulation we study here.
When stars are binned by [Mg/Fe] (top row, middle panel), we see a break in the trends we have found so far. While for narrow bins of [Mg/Fe] in the range 0.45-0.05 single exponentials can still be fit well at r > 5 kpc, this is no longer true for lower [Mg/Fe] values. The lowest two bins (blue and black squares) deviate from the increasing trend in scale-length for samples with decreasing [Mg/Fe] . A downtrend at ∼ 10 and ∼ 5 kpc is found for the blue and black squares, respectively. For the sake of comparison, for these two bins we still fit single exponentials in the range 5 < r < 10 kpc.
Similar difficulties with fitting single exponentials to the highest [Fe/H] bins are also found in the right column of Fig. 10 . The situation is very similar for stars with |z| > 0.5 kpc (Fig. 10 , bottom middle-row panel).
As we move away from the disk plane (as in the SEGUE G-dwarf sample, for example), we find that both [Mg/Fe] 
Gas flows
We now investigate how radial gas flows may affect our results. In our simulation stellar mass loss is considered by converting stellar particles to gas throughout the simulation (see Martig et al. 2012 ). This can be used to estimate the neglect of gas flows in our chemodynamical model, by studying the effect of the radial motion of this "enriched" gas. We considered the gas converted from stars at each time step and assigned chemistry to it as a function of time and disk radius, similarly to what we did for the stars in paper I.
Panel (a) in the top row of Fig. 11 shows the fraction of net gas flow per unit of time, into 7 disk annuli of width 2 kpc as a function of time. We estimate this as the difference between the mass of gas coming from the inner disk and gas coming from the outer disk, therefore negative values correspond to net inflows. Also shown in the top row are the fractions of gas migrating into each bin from inside (i.e., outward migrators, panel b), from outside (i.e., inward migrators, panel c), and the gas which does not leave the bins (panel d). Typically, about 60-70% of gas in each annulus does not migrate and contributions from the inner and outer disks are about 20-30%, with generally slightly larger fraction of gas migrating outward. Exceptions to this rule are found for the innermost and outermost annuli. Consequently, the net flows into the annuli considered are close to zero (panel a), except for the innermost and outermost disk regions. Larger fraction of outward migrating gas is seen during the first couple of Gyr of disk formation, i.e, during the merger epoch.
In the bottom row of Fig. 11 we now show the mean metallicity estimated from the total gas mass (panel e), the gas arriving from inside the given bin (panel f), from outside the given bin (panel g), and from the gas which stays in the bin (panel h). Bottom row: Mean metallicity estimated from the total gas mass (panel e), the gas arriving from inside the given bin (panel f), from outside the given bin (panel g), and from the gas which stays in the bin (panel h). The overlaid dashed curves in panels (e), (f), and (g) show the non-migrating gas (same as panel h). Strong deviations from the input chemistry is found for outward and inward flows (by more than 0.5 dex). However, the net effect is drastically reduced as seen in panel (e), where in the range 4 < r < 12 kpc (purple to orange curves) the deviations from the input curves is less than 0.1 dex during most of the time evolution.
The overlaid dashed curves in panels (e), (f), and (g) show the non-migrating gas (same as panel h).
As expected, strong deviations from the input metallicity are found for outward only, or inward only flows (by more than 0.5 dex). However, the net effect is drastically reduced as seen in panel (e), where in the range 4 < r < 12 kpc (purple to orange curves) the deviations from the input curves is less than 0.1 dex during most of the time evolution. This is caused by the fact that the effects of inward and outward flows mostly cancel in the radial range 4 < r < 12 kpc.
From the above discussion we conclude that our results for intermediate radial distance from the Galactic center (including for the solar neighborhood presented in paper I) are not affected to any significant level by the neglect of gas flows. However, gas flows may be affecting our results for the innermost and outermost radial bins we study in this paper.
We note that inflows of pristine (metal-poor) gas from cosmic web filaments may contribute at the disk outskirts by decreasing the metallicity there, as also reasoned by Kubryk et al. (2013) . This can counteract the effect of the radial-migrationinduced gas flows to the disk outer boundary seen in Fig. 11 . On the other hand, increase in density in the inner 2 kpc due to inward migration of both gas and stars can be expected to increase the SFH in that region. This in turn can result in higher chemical enrichment (higher metallicity) counteracting the flattening of metallicity gradients induced by migration (see Cavichia et al. 2013) . It can be argued, therefore, that the neglect of gas flows does not have a strong impact on our results. Further work is needed to investigate the above ideas.
Conclusions
In this work we investigated how chemo-kinematic relations change with position in the Galactic disk, by analyzing the chemo-dynamical model first introduced in Minchev et al. (2013) (paper I). The results of paper I were extended beyond the solar vicinity, considering both variations with Galactic radius and distance above the disk midplane. Our main results are as follows:
• We demonstrated that during mergers stars migrating outwards arrive significantly colder than the in-situ population (Fig. 2) , as first suggested in paper I. This also has the important effect of working against disk flaring. Our results that stars migrating outwards in the disk cool the locally born population is in stark contrast to the suggestion that radial migration can form a thick disk. The need for massive mergers at high redshift or stars born hot in a turbulent phase (i.e, during the formation of the thick disk) has been indicated in a number of recent observational studies as well (e.g, Liu and van de Ven 2012; Kordopatis et al. 2013; Minchev et al. 2014 ).
• We investigated the effect of recycled gas flows and found that in the region 4 < r < 12 kpc the introduced errors in [Fe/H] are less than 0.05-0.1 dex, related to the fact that inward and outward flows mostly cancel in that radial range.
• We show that radial migration cannot compete with the inside-out formation of the disk, which can be observed as the more centrally concentrated older disk populations (Fig. 10) . This is in agreement with recent results from simulations of spiral galaxies (e.g., Brook et al. 2012; Stinson et al. 2013; Bird et al. 2013) and observations in the MW (Bensby et al., 2011; Bovy et al., 2012b) .
• Because contamination by radial migration becomes more evident with increasing distance from the galactic center, scatter in the age-[Fe/H] relation increases with increasing radius. While this results in a significant flattening of the agemetallicity relation outside the solar radius, at r < 9 kpc the slope of the locally evolving population is mostly preserved, due to the opposite contribution of inward and outward migrators.
• We predict that the metallicity distributions of (unbiased) samples at different distances from the galactic center peak at approximately the same value, [Fe/H] ≈ −0.15 dex, and have similar metal-poor tails extending to [Fe/H] ≈ −1.3 dex (Fig. 6) . In contrast, the metal-rich tail decreases with increasing radius, thus giving rise to the expected decline of mean metallicity with radius. This effect results predominantly from stars close to the plane (Fig. 8) , signifying the inability of radial migration to create a thick disk.
• Similarly to [Fe/H] , the [Mg/Fe] distribution always peaks at ≈ 0.15 dex, but its low-end tail is lost as radius increases, while the high-end tails off at [Mg/Fe] ≈ 0.45 dex.
• The radial metallicity and [Mg/Fe] gradients in our model show significant variations with height above the plane due to a different mixture of stellar ages (Fig. 9) . We find an inversion in the metallicity gradient from negative to weakly positive (at r < 10 kpc), and from positive to negative for the [Mg/Fe] gradient, with increasing distance from the disk plane. We relate this to the disk inside-out formation, where older stellar populations are more centrally concentrated. This indicates the importance of considering the same spatial region for meaningful comparison between different studies, as well as observations and simulations.
• In contrast to the strong variation of chemical gradients with distance from the disk midplane for stars of all ages, the gradients of individual age groups do not vary significantly with distance from the plane (see Table 2 ). Gradients in the total population can vary strongly with |z| because of the interplay between (i) the predominance of young stars close to the disk plane and old stars away from it (as illustrated by the rectangular symbols in Fig. 9 ) and (ii) the more concentrated older stellar component (as seen in Fig. 10 ).
• The [Fe/H] distributions shift peaks from ≈ −0.15 dex to ≈ −0.3 dex when samples move from |z| < 0.5 to 0.5 < |z| < 3 kpc (Fig. 8) . We showed that the strong effect on the high-[Fe/H] tail as a function of Galactic radius comes predominantly from the stars closer to the plane, which have migrated from the inner disk.
• Similarly to [Fe/H] , the [Mg/Fe] distributions are also affected when varying the sample distance from the disk midplane. When changing |z| < 0.5 to 0.5 < |z| < 3 kpc, the [Mg/Fe] peaks shift from ≈ 0.1 dex to ≈ 0.15 − 0.25 dex, depending on the sample's distance from the Galactic center.
Finally, we would like to emphasize an important dynamical effect that leads to better understanding of what shapes chemo-kinematic relations. We showed in paper I and this work, that migration is significant in our simulation for both stars and gas, which in principle should prevent us from recovering the disk chemical history. However, an interesting effect occurs away from the disk's inner and outer boundaries, in the region 4 < r < 12 kpc (∼1.5-4 scale-lengths). In this radial range stellar mass is exchanged in comparable amounts across any given radius in such a way as to approximately preserve the kinematical and chemical properties of the stars and gas that do not migrate, such as stellar velocity dispersions and mean age-[Fe/H] relations (see Figures 4 and 11) . Evidence of migration can still be found as scatter in the stellar age-[Fe/H] relation or the presence of low-velocity dispersion, [α/Fe]-enhanced stars in the solar neighborhood .
In contrast, at the disk boundaries, stars migrating inwards accumulate in the inner disk (innermost one scale-length) and those migrating outwards accumulate in the disk outskirts (outside 3-4 scale-lengths). These effects should be possible to identify in observations, for example hot populations in disk outskirts if extended disk profiles are caused by radial migration or flattening in metallicity gradients in the disk outskirts (Sec. 4.4).
The results presented in this work provide tests for surveys, such as RAVE, SEGUE, HERMES, GES, LAMOST, APOGEE, GAIA, WEAVE, and 4MOST. The specific relations we find here are a product of both the chemical model used and the subsequent contamination from radial migration and heating. These variations with Galactic radius and distance from the disk midplane can be used to better constrain chemo-dynamical models, as high-quality observational data become available. Fig. A.1 . Predictions for chemo-kinematic properties at different distances from the Galactic center (see also Fig. A.2 ). For each 2-kpc annulus a sample close to the plane (|z| < 0.5 kpc) and farther from the plane (0.5 < |z| < 3 kpc) is plotted. The dashed-black lines in the first two columns show the mean. 1 but for samples with 9 < r < 11 and 11 < r < 13 kpc.
